The subinertial frequency-wavenumber structure and spatial coherence of wind stress curl, and their spatial and temporal variability, are described with the emphasis on characteristics which affect the ocean's response to the wind stress curl forcing function. Wind stress curl over the North Pacific between 25 ø and 60øN was computed for 3 years (1985)(1986)(1987)(1988)) from the Fleet Numerical Oceanography Center wind product. The range from winter peak to summer trough for the mean and variance are typically a factor of 3-4 and = 10 respectively, with superimposed interannual changes of up to a factor of 2. Power spectra vary seasonally and interannually in an essentially frequency-independent manner that is consistent with the curl variance. However, the spectrum over the period band 5-100 days often fails a statistical test for whiteness at the 95% level. Zonal and meridional wavenumber spectra were estimated for 13 sites distributed around the central-eastern North Pacific using the maximum likelihood method. Directional trends with frequency are comparable to those from earlier studies if 3-year-long data segments are analyzed, with approximate wavenumber symmetry except for the zonal term at mid-latitudes for periods shorter than 10 days, where eastward propagation is dominant. However, spectra for shorter data sections sometimes display eastward and westward excursions which are only weakly similar over distances of =1000 km and essentially dissimilar over longer separations. The spatial correlation structure of wind stress curl is shown typically to have a main lobe of =1000 km and multiple intercorrelation lobes separated by > 2000 km. The strength and location of the intercorrelation peaks vary slowly with time. These results suggest that curl behavior is more complex than was previously believed, that the use of long-term averages of or simple parameterizations for the frequency-wavenumber spectrum of wind stress curl in model studies may be unrealistic, and that more attention to actual curl characteristics at the time oceanic measurements are collected will be required to reconcile models with observations.
INTRODUCTION
Much of the barotropic variability of the deep ocean at periods of days to months is directly, atmospherically forced except near regions dominated by the instabilities of strong mean currents and the concomitant radiation of mesoscale eddies. This assertion is supported by several model studies which predict coherence between oceanic and atmospheric variables that is either local [Willebrand et al., 1980; Muller and Frankignoul, 1981] or nonlocal [Brink, 1989; Satnelson, 1989] , depending on topography, the oceanic variable under consideration, and the frequency and vector wavenumber of the forcing which dictate whether an evanescent or free Rossby wave response is possible. In addition, observational evidence is accumulating for both local and nonlocal coherence of ocean currents and the wind forcing in areas of weak eddy variability [Niiler and Koblinsky, 1985 Copyright 1991 by the American Geophysical Union.
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0148-0227/91/91JC-02152505.00 simply curl) at periods longer than a day and for horizontal scales larger than a few hundred kilometers. In fact, the model studies cited above were all curl forced. The numerical result of Willebrand et al. [1980] employed geostrophic winds computed from surface air pressure maps as the input, while the remaining models are based on the stochastic approximation with the characteristics of curl specified by an analytic frequency-wavenumber spectrum. In general, the results are sensitive to both the frequency and the wavenumber content of curl. This is especially true for the zonal wavenumber spectrum because of the strong influence which the amount of power in westward wavenumbers has on the excitation of free Rossby waves. Thus, a good description of the spatial and temporal variability of curl is essential both for the generation of realistic models and for the interpretation of oceanic data.
A number of attempts have been made to estimate the spatial and temporal scales of the winds on a global or hemispheric basis outside the surface boundary layer [e.g., Willson, 1975] . Together with some theoretical arguments, these results were used by Frankignoul and Muller [1979] to construct surface frequencywavenumber spectra of the atmospheric variables at mid-latitudes for periods of days to months. However, such estimates lack horizontal resolution of small-scale wind features, which has important consequences for computation of curl, and in any case are not based on measurements of the winds in the surface boundary layer which are most relevant to the oceanographer. Willebrand [ 1978] inferred the frequency-wavenumber characteristics of the geostrophic winds from synoptic surface pressure data collected over the oceans during 1973-1976. His results suggest a symmetric zonal wavenumber spectrum for curl at periods longer than =10 days at mid-latitudes with a corresponding white frequency spectrum. At shorter periods, eastward traveling cyclones and anticyclones are dominant, yielding an increasingly asymmetric zonal wavenumber spectrum for curl as period decreases and introducing redness into the frequency spectrum. South of =35 ø and north of =50 ø the short period asymmetry disappears. The meridional wavenumber spectrum of curl is approximately symmetric with a slight northward bias at all periods. Finally, MacVeigh et al. [1987] computed curl from 4 years of European Center for Medium Range Weather Forecast (ECMWF) product to examine both large-scale spatial variability and gross wavenumber properties excluding directionality, showing some agreement with Willebrand's result.
It appears that most of the available information on the frequency-wavenumber structure of curl at periods of days to months is summarized by the work of Willebrand [1978] and Frankignoul and Muller [1979] . However, a number of recent investigations of monthly mean oceanic wind data have appeared in the literature. These studies are typically concerned with basin scale spatial patterns and the annual or semiannual components based on empirical orthogonal function analysis covering the North Atlantic [e.g., Ehret and O'Brien, 1989 ] and the North Pacific [Rienecker and Ehret, 1988] . Only Gallegos-Garcia et al.
[ 1981 ] estimated curl wavenumber properties from monthly mean data (with results that are somewhat discordant with those of MacVeigh et al. [1987] ). However, these studies shed no light on the behavior of curl at periods shorter than two months.
The purpose of this paper is to begin to fill this void in the literature by examining the spatial and temporal characteristics of curl over the North Pacific during 1985-1988. The wind data are obtained from the Fleet Numerical Oceanography Center (FNOC) data product, which is more complete than the measurements available in earlier short-period studies. The primary motivation for the work is a critical examination of the variability on time scales shorter than the seasonal, where the oceanic response may either be evanescent or resonant depending on the wavenumber characteristics of the forcing. A secondary goal is to serve as an aid for the interpretation of an array of seafloor pressure and barotropic current data collected during the Barotropic Electromagnetic and Pressure Experiment (BEMPEX), which was designed to study atmospheric forcing of the deep ocean [Luther et al., 1987] . The BEMPEX data have already been found to be strongly coherent with local and/or nonlocal FNOC surface air pressure, wind stress, and wind stress curl [Luther et al., 1990 In the next section, the FNOC data and estimates of curl derived from them are outlined. Section 3 constitutes an examination of the mean and variances of the curl field over the North Pacific for various averaging times with the purpose of both emphasizing the seasonal range and relating the results to the dominant atmospheric processes which control North Pacific climate. Section 4 discusses the frequency spectrum of curl in the period range of a few days to a few months, showing that whiteness at periods greater than 5-10 days is at best approximate. A weak concentration of variance near 30 days period observed throughout the central-eastern North Pacific is also described. Section 5 presents maximum likelihood zonal and meridional wavenumber spectra for various averaging intervals which suggest that significant temporal and spatial curl inhomogeneity is present. When 6-month data sections are analyzed, eastward or westward propagation of curl is noted at different times with no obvious seasonal dependence; for longer time series these motions average away to produce wider apparent wavenumber peak widths with no preferred propagation direction. Section 6 examines the spatial correlation structure of curl over the North Pacific, finding that small-scale (= 1000 km) coherent patches separated by larger (_•2000 km) distances appear to be ubiquitous, so that simple unimodal parameterizations of curl's autocorrelation are unrealistic. The final section of the paper is a discussion of the consequences of these analyses for modeling atmospherically-forced oceanic motions at subinertial periods out to 100 days.
THE WIND OBSERVATIONS
The raw data used in this study consist of 3-year sequences of the vector wind velocity at 405 locations distributed over the North Pacific and obtained from the Fleet Numerical Oceanography Center. The FNOC winds are calculated iteratively from surface atmospheric pressure data blended with wind observations using a combination of objective analysis and prognosis which includes ageostrophic effects and an adjustment for frictional effects in the surface boundary layer. An early version of the FNOC algorithm is described by Lewis and Grayson [1972] . The FNOC product is reported every 6 hours on a polar stereographic grid at an altitude of 19.5 m. The time series were nearly complete for the interval July 1985 through June 1988, with missing data constituting less than 1% of the total and covering only brief intervals which could easily be linearly interpolated. The sample spacing is uniform on a stereographic grid and hence uneven in geographic coordinates, but is typically 340 km near the center of the region of interest (40øN, 162øW) with smaller (larger) values to the north (south).
Because of the complex data assimilation method used to obtain the FNOC product, it is difficult to quantify the accuracy or smoothing scales of the resulting wind estimates. Ship observations of air pressure, wind velocity, and wind direction are a major input for the FNOC product, and recent studies indicate that significant errors occur in such data with distressing frequency [e.g., Wilkerson and Earle, 1990] . However, the analysis procedure is designed to correct for bad data in a self-consistent manner, and the relative success of this approach is attested to by a number of intercomparisons between the FNOC winds and either other data products or actual measurements. For example, Friehe and Pazan [1978] The wind stress curl was computed using a two-dimensional centered finite difference operator on a sphere. Consider a function f(qb,X,), where qb is longitude and X, is latitude, and expand it in a Taylor 
FREQUENCY SPECTRA OF CURL
Frequency spectra of curl appear qualitatively to be white for periods longer than a few days, with some additional, locationspecific differences being evident. The level of the spectrum varies with both position and season in an essentially frequencyindependent manner. For a given latitude, the power is largest near the middle of the basin and weaker by a factor of 2-4 at the edges, while for a given longitude the power decreases by over a decade from 55øN to 30øN. The seasonal range at a single location and frequency is typically a factor of 2-4, with larger excursions evident at more northern latitudes.
However, inspection of high-resolution spectra reveals some real features superimposed on the white background which deserve closer attention. Figure 4 shows power spectra for four locations estimated with the multiple prolate window expansion of Thomson [ 1982] using 3 years of curl data. A multiple window spectrum is computed by first generating a set of orthogonal data windows which are optimal in a minimum spectral leakage sense and which depend explicitly on the time-bandwidth product (resolution bandwidth times data series length). These windows are each applied to the data as tapers prior to Fourier transformation, and since the windows are orthogonal, the raw estimates are approximately independent. The raw spectra are combined using a set of weigh,ts chosen to minimize broadband bias (spectral leakage). The resulting spectrum is effectively the convolution of the unknowable true spectrum with a rectangular frequency domain window of width specified by the chosen time-bandwidth product. Table 1 shows the results of this test applied to 13 spectra computed from 3-year curl time series. A period range of 5-100 days was used to avoid any bias from the weak annual and semiannual components and from the short-period roll-off. The result is not overly sensitive to the choice of short-period cutoff over the 5-10 day interval. To ensure data independence, the spectral power at frequencies separated by more than the resolution bandwidth was . This peak is usually significant at about the 80% level, and its shape reflects the bandwidth of the spectral estimate rather than of the underlying physical process. The 30-day peak is very common throughout the area, and is not removed when spectra are computed using the robust methods of Chave et al. [ 1987] , suggesting that it is not an artifact of nonstationarity in the curl time series. Note also that the spectral slope for location 2328 in the Gulf of Alaska is --ffor periods of 3-100 days, and that a white background is not apparent for location 1330. The latter is common for curl at latitudes below --35øN, as is a weaker high-frequency roll-off beginning at longer periods than for higher latitudes. The spectra typically display flattening of the slope above 1 cpd, suggesting a noise floor possibly due to limitations of the FNOC product. Figure 5 shows similar multiple window spectra covering the same sites as in Figure 4 for only year 2. Since the time series length is reduced by a factor of 3, the bandwidth of the estimate rises proportionately, and the behavior at periods longer than --90 days is obscured by the weak annual and semiannual terms.
However, increased variance is evident at 30 days at all four sites, and the variance is enhanced at many eastern North Pacific locations compared with the 3-year average.
It appears that the usual assumption that the spectrum of curl is white at periods longer than a few days is only approximate. In fact, Bartlett's M test [Bartlett, 1937] 
WAVENUMBER SPECTRA OF CURL
The dominant atmospheric scales at mid-latitudes are a few thousand kilometers and hence only slightly smaller than the Pacific basin. Because of this large scale, conventional wavenumber estimators lack adequate resolution to infer their properties, a problem which is exacerbated by spatial heterogeneity of power. For this reason, zonal and meridional wavenumber spectra for curl were computed using the maximum likelihood method (MLM) of Capon [1969] . Unlike conventional approaches, MLM employs a wavenumber spectral window whose shape and sidelobe structure is data-dependent and hence changes with the wavenumber in a well-defined, optimal manner. The resolution of MLM depends primarily on the incoherent noise present on the sensors and only weakly on the natural beam pattern of the array, so it is typically much better than for conventional estimators. MLM spectra were obtained for five-element cells in the form of a cross centered on the location of interest. In each case, the frequency spectrum was first computed using the multiple window technique, then the two dimensional wavenumber spectrum was calculated for frequencies spaced evenly in the Power is expressed in decibels down from the peak at each frequency at the peak meridional wavenumber. This means that larger numbers correspond to weaker power. Note the wider apparent peak width for the 3-year estimate when compared to the year 1 and 2 results. logarithmic domain. Zonal (meridional) sections as a function of frequency are then presented at the meridional (zonal) wavenumber corresponding to the peak in power. By using different length data sections, information on the varying propagation characteristics of curl over time can be inferred. Davis and Regier [1977] have shown that MLM is an accurate method to locate the peak wavenumber but may not be the best method to estimate other properties of continuous spectra such as high-frequency slope. As a consequence, emphasis will be placed on gross wavenumber properties rather than on spectral details. -35øN and --50øN there is a tendet•cy for eastward propagation at periods shorter than 10-15 days with increasingly short scales as period decreases and a roughly symmetric spectrum at longer periods. At sites south of --30ø-35øN, the zonal wavenumber spectra are more symmetric at all periods and possess a narrower peak width. Most of these trends were noticed previously by Willebrand [1978] . However, considerable variability over time is superimposed on these weak averages, and at some sites it is difficult to discern the pattern. The interannual variability of the zonal wavenumber spectra is quite large. In addition, both Finally, the observation that the curl intercorrelation possesses both a relatively tight main lobe and a number of nonlocal peaks has further implications for the oceanic response. Since the spatial variation of the squared coherence of curl at a given frequency as in Figures 14-15 is comparable to the square of its autocorrelation function (of course, values smaller than the zero significance level which are not shown in the figures must be included), comparisons with the analytic curl models used by Brink [1989] and Samelson [1989 Samelson [ , 1990 may be made directly. Brink modeled the curl autocorrelation as a double Gaussian with a larger e-folding
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